The serum test for the secreted protease prostatespecific antigen (PSA) is the most widely used screening tool for prostate cancer. The PSA gene contains multiple functional and nonfunctional single nucleotide polymorphisms (SNP) in its promoter. We showed previously that the rs925013 G/A SNP, but not the rs266882 G/A SNP, was significantly associated with serum PSA in healthy men. In this study, we evaluated the association of the PSA promoter genotype with clinical data in a cohort of 1,224 men with prostate cancer. Previous work with a subset of this cohort has shown that percent high-grade (Gleason grades 4 and 5) cancer was the strongest predictor of biochemical recurrence (PSA relapse). We found a statistically significant association (P < 0.05) of the rs925013 SNP with several clinical and histomorphologic variables. The G allele was associated with higher serum PSA at diagnosis, higher percent Gleason grade 3 cancer, and lower percent high-grade and Gleason grade 4 cancer. The rs266882 SNP was modestly associated with PSA at diagnosis in a dominant model but was not associated with cancer grade. Neither SNP was associated with biochemical recurrence. The statistically significant predictors of biochemical recurrence were tumor location in the peripheral zone [odds ratio (OR) 
Introduction
Prostate cancer is the most common noncutaneous solid malignancy in U.S. men and the second leading cause of cancer death in this group (1) . Numerous studies have attempted to define clinical and histologic variables that can be used as prognostic markers to predict which patients are likely to present with disease progression (2) . The factors that have been studied include Gleason score, preoperative serum prostate-specific antigen (PSA), preoperative PSA doubling time, lymph node involvement, capsular penetration, positive surgical margins, seminal vesicle invasion, DNA ploidy in biopsy sample, and tumor location in the peripheral zone. Using morphometric measurements of radical prostatectomy specimens step-sectioned at 3-mm intervals combined with long-term follow-up, Stamey et al. have shown that percent cancer of Gleason grade 4/5, tumor volume, serum PSA, and prostate weight are the primary predictors of failure after radical prostatectomy (3) . In addition, positive lymph nodes, location of tumor in the peripheral zone (versus transition zone), capsular penetration greater than 1 cm, seminal vesicle invasion, and positive surgical margins have been associated with biochemical failure (4) (5) (6) (7) . However, many of these factors are interrelated, making it difficult to distinguish between cause and effect. Using multivariate logistic regression, Stamey et al. showed that percent of cancer of Gleason grade 4/5 is the most significant independent predictor for biochemical relapse (3) .
PSA is an androgen-regulated serine protease produced by secretory epithelial cells lining the lumen of normal prostatic glands and the majority of prostate cancers (8) (9) (10) . The prostate is the major source of PSA in men (8, (10) (11) (12) . Because of its prostate specificity, PSA has become the most widely used marker for prostate cancer screening and response to therapeutic intervention. In addition to the use of PSA as a serum marker for prostate cancer, much previous work has focused on the role of PSA as a growth factor protease (13) (14) (15) (16) (17) . The resulting data have been somewhat contradictory in that some effects of PSA, such as proteolysis of insulin-like growth factor binding protein-3 (15, 16) and parathyroid hormone-related protein (13) , are predicted to promote growth (18) , whereas other effects of PSA, such as cleavage of latent transforming growth factor-h (19) and fibroblast growth factor (20, 21) , might inhibit the growth of prostate cancer cells.
Evidence for a functional role of PSA in prostate cancer development has relied on genetic association studies using single nucleotide polymorphisms (SNP) in the PSA gene. The most widely used SNP for these studies is located in an androgen response element positioned -158 nucleotides 5 ¶ to the transcription start site (G/A rs266882; ref. 22 ). Several case-control studies have evaluated the rs266882 SNP for its association with prostate cancer risk, with some finding increased risk (23) (24) (25) (26) (27) (28) and others finding no risk effect (29) (30) (31) (32) (33) . Work by us has failed to find a functional effect of this SNP on PSA promoter transcriptional activity or with an association of the SNP with circulating PSA levels (29, 32) . Further work by us has identified a major haplotype in the upstream enhancer region of the PSA gene that is significantly associated with circulating levels of PSA in men with no detectable prostate cancer (34) . This haplotype is composed of multiple SNPs in linkage disequilibrium, including several that we showed affected PSA promoter activity in vitro. Notably, the G allele of the G/A rs925013 SNP located at nucleotide -4,643 was significantly associated with 15% to 30% greater circulating PSA levels. Recent work by another group has shown significant association of the rs925013 SNP with prostate cancer risk in a case-control study population from Australia (30) .
We hypothesized that genetic determinants of PSA gene expression are associated with prostate cancer disease aggressiveness. In this study, we tested the association of the rs266882 and rs925013 SNPs with clinical and histomorphologic variables, including percent of Gleason grade 3, 4, or 5 cancer and serum PSA at diagnosis, in 1,224 men with prostate cancer.
Materials and Methods
Study Subjects and Baseline Clinicopathologic Data. Supplementary Tables S1 and S2 present the clinical and pathologic data associated with this study population of 1,224 men who underwent radical prostatectomy at Stanford University Medical Center between 1983 and 1998. No other form of primary therapy was done on these men. There is no information on race in this cohort. Historically, during this period, greater than 95% of men who underwent prostatectomy at Stanford University were Caucasian. This study received institutional review board approval at both institutions.
Surgically removed prostates have been subjected to a comprehensive histopathologic review according to the method described previously (35) . Briefly, each specimen was fixed in formalin, serially blocked at 3-mm intervals, and embedded in paraffin. A 5-Am-thick section was cut from each block and stained with H&E for histologic assessment. The cancer volume was calculated by tracing the exact tumor outline on each slide, determining the area of tumor at each level of section with a digitizing pad, summing the tumor areas at different levels multiplied by the section thickness, and correcting the volume for tissue shrinkage during processing. Tumor grade was determined according to the Gleason system (36). The Stanford-modified Gleason scale was used to estimate the proportion of the largest cancer in each case that was poorly differentiated (grades 4 and 5) or well differentiated (grades 1-3; ref. 37) . The percentage of each cancer occupied by Gleason grades 4 and 5 (percent Gleason grade 4/5) was estimated by a single pathologist (J.E. McNeal). This measurement of tumor grade was shown to be the strongest predictor of PSA failure in a study of 372 men who represent a subset of the men included in the present study (3) .
The linear extent of any full-thickness capsular penetration into periprostatic fat was quantified in centimeters parallel to the prostatic capsule. Any positive margins were likewise identified and quantified in centimeters of extent. Percent seminal vesicle invasion was estimated on a single coronal section.
The median follow-up is 62 months (interquartile range, 38-88 months), with 277 months the maximum follow-up. Biochemical (PSA) failure is used here as a longitudinal outcome measure. For most subjects, test results are available approximately every 6 months, although the length of follow-up and test intervals varies. Biochemical failure is defined as two consecutive PSA values above a cutoff point of 0.07 ng/mL for PSA measured by the sensitive Tosoh method and 0.2 ng/mL for measurements by less sensitive methods. When a subject experienced PSA failure, time to failure is calculated as the number of months between the date of surgery and the first of the two consecutive PSA values that exceeded the cutoff point. Subjects whose serum PSA level never drops to below the detectable level were classified as experiencing PSA failure at time 0. In our study group, 187 subjects experienced biochemical failure.
DNA Isolation from Paraffin-Embedded Tissue. DNA was extracted from formalin-fixed, paraffinembedded seminal vesicle tissues not invaded by prostate cancer as described previously (38) with minor modification.
Genotyping of PSA Promoter SNPs. The Sequenom platform was used to perform SNP genotyping. All of the procedures followed a standard Sequenom protocol. Briefly, PCR was done in a total volume of 5 AL with 10 ng genomic DNA, 2.5 mmol/L MgCl 2 , 0.1 AL HotStarTaq polymerase (Qiagen), 200 Amol/L deoxynucleotriphosphates, and 200 nmol/L primers. The PCR cycling condition was as follows: 95jC for 15 min followed by 45 cycles of 95jC for 20 s, 50jC for 30 s, and 72jC for 1 min with final extension of 72jC for 3 min. The Homogeneous MassExtend reactions were done in a total volume of 9 AL with 50 Amol/L deoxynucleotriphosphates/dideoxynucleotriphosphates each, 0.063 A/AL Thermo Sequenase (both from Sequenom), and 600 nmol/L extension primers. The PCR cycling condition was as follows: 94jC for 2 min followed by 99 cycles of 94jC for 5 s, 52jC for 5 s, and 72jC for 5 s. After cleaning up the Homogeneous MassExtend reaction products with the SpectroCLEAN, the products were spotted to SpectroCHIP using SpectroPOINT and then scanned through the Sepctro-READER. Genotypes were automatically recorded by SpectroTyper 3.1 software.
The primers were designed using SpectroDESIGNER (Sequenom). All of the PCR primers have 10-base oligo tag sequences. For the rs266882, the first PCR primer was ACGTTGGATGCACACCCAGAGCTGTGGAAG, the second PCR primer was ACGTTGGATGGTG-CATCCAGGGTGATCTAG, and the extension primer was ATTGCAGAACAGCAAGT. For the rs925013, the . PSA levels were logarithm transformed to improve assumption of normality. We tested the effect of prostate cancer risk associated genotypes of rs266882 and rs925013 on PSA levels using a 2 df general model and dominant model using regression analysis.
Multivariate analysis was done to test the association between sequence variants and disease recurrence using logistic regression, adjusting for other clinical and histomorphologic phenotypes that included age at diagnosis, lymph node invasion, location, seminal vesicle invasion, percent of intraductal tumor, margin status (positive or negative), capsule penetration (positive or negative), and serum PSA (ln transformed). The above analysis was carried out using SAS (version 9.1; The SAS Institute). All reported P values are based on a two-sided test and an a level of 0.05 was considered statistically significant.
Results
We used the Sequenom Mass Array system to evaluate the genotype of the PSA promoter at the rs266882 and rs925013 SNPs in our study population. Two hundred thirty-eight and 239 of the 1,224 cases were not evaluable for the rs266882 and rs925013 SNPs, respectively (Table 1) . One hundred fifty of these were due to unavailability of the tissue blocks for DNA isolation. There was no bias in disease aggressiveness among the samples with no tissue blocks available compared with those with tissue blocks available (data not shown). Of those samples with DNA extracted, 92% gave informative genotypes. The rs266882 SNP was present in the population with a roughly equal distribution of the A and G alleles, 49% and 51%, respectively ( Table 1 ). The rs925013 SNP was present in the population with A and G distributions of 77.5% and 22.5%, respectively (Table 1) . These distributions are consistent with other reports (22, 34, 39) and were in Hardy-Weinberg equilibrium.
Associations of the rs266882 SNP with the continuous variables of percent Gleason grades of cancer, prostate weight, and tumor volume were not statistically significant (Table 2 ). In contrast, the rs925013 SNP was statistically significantly associated with percent of high-grade (4 + 5) cancer, percent grade 3 cancer, and percent grade 4 cancer ( Table 2 ). The rs925013 SNP was not significantly associated with percent grade 5 cancer, prostate weight, or tumor volume. For the significant associations of the rs925013 SNP, the less frequent G allele was associated with a higher median percent of grade 3 (more well-differentiated) cancer, whereas the A allele was associated with a higher median percent of high-grade (poorly differentiated) cancer. Table 3 shows the associations of both SNPs with the categorical variables of lymph node invasion, presence of intraductal cancer, location of the tumor, and presence of seminal vesicle invasion. The only significant association was between the rs266882 SNP and lymph node invasion. The A allele was associated with less lymph node invasion. Our previous study of healthy men not previously diagnosed with prostate cancer showed a significant association of the G allele of the rs925013 SNP with higher serum PSA levels (34). The rs266882 SNP was not significantly associated with serum PSA in that study. In this study, we tested the association of these two SNPs with serum PSA at the time of diagnosis (Table 4) . Similar to our previous study, we found no significant association of the rs266882 SNP with serum PSA. Use of a dominant genetic model provided a modest statistically significant association of the A allele with lower PSA (P = 0.03). In concordance with our previous findings, we found a highly statistically significant association of the G allele of the rs295013 SNP with higher serum PSA, either with (P = 0.0008) or without (P = 0.003) the assumption of a dominant genetic model. Recessive models were also fit to the PSA values but did not provide additional benefit (data not shown).
In our study population, we have a minimum of 5-year follow-up in the majority of patients (990), with 187 experiencing biochemical failure (recurrence). We did multivariate analysis to test the association of multiple factors with disease recurrence. Neither the rs2662882 SNP nor the rs925013 SNP was associated with disease recurrence (Table 5 ). Presence of tumor in the peripheral zone [odds ratio (OR), 10.71; P = 0.0001], presence of any grade 4/5 tumor (OR, 4.26; P = 0.02), presence of intraductal cancer (OR, 1.03; P = 0.005), and PSA at diagnosis (OR, 2.04; P < 0.0001) were statistically significantly associated with disease recurrence. Kaplan-Meir survival analysis also revealed no statistical association of either SNP with disease recurrence (data not shown).
Discussion
In this study, we showed that the G allele of the rs925013 SNP in the PSA gene is associated with a higher percentage of well-differentiated Gleason grade 3 cancer in the prostates of men treated by radical prostatectomy. This allele is also associated with a higher serum PSA at diagnosis. These data are significant because they are the first to support a link between a functional SNP in the PSA gene and prostate cancer aggressiveness. These data also support our previous findings that showed an association of the rs925013 SNP with circulating PSA 
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Cancer Epidemiol Biomarkers Prev 2008;17 (9) . September 2008 levels (34). However, this study extends those findings to PSA levels at diagnosis in men with prostate cancer. However, the data on disease aggressiveness and PSA at diagnosis are somewhat contradictory in that the G allele of the rs925013 SNP is associated with both higher percentage Gleason grade 3 (good prognosis) and higher serum PSA at diagnosis (poor prognosis). The root cause of this discrepancy is unknown and will likely require further mechanistic studies to resolve. A subset of this study population has been used previously to assess predictive markers of disease recurrence (3) . In this study, we extended this approach to the entire population and found significant predictive value of tumor in the peripheral zone, presence of any grade 4/5 cancer, lymph node involvement, and serum PSA. We did not find association of either of the PSA SNPs evaluated with disease recurrence. However, if the PSA rs925013 SNP affects disease recurrence through affecting PSA levels and Gleason grade, then adjusting for these, as we did in our model, would be predicted to generate the null hypothesis. Additionally, the analysis of the rs925013 SNP was likely underpowered given the low prevalence of the G allele (22.5%) in this population. Previous work with a subset of this cohort showed that percent Gleason grade 4/5 cancer was predictive of disease recurrence (3). Our findings of significant association of the A allele of the rs925013 SNP with percent high-grade cancer suggests that a larger study may reveal association of this SNP with disease recurrence.
We did not find significant association of the rs2662882 SNP with any clinical variable, except lymph node invasion. This SNP was associated with PSA at diagnosis only when a dominant model was used. The isolated association of this SNP with lymph node invasion may indicate an effect of this SNP on invasion independent of the other variables. Alternatively, the observation may be the result of a statistical artifact. Results from previous studies with this SNP in case-controlled studies have been variable. In our hands, in vitro promoter assays failed to show a functional effect of this SNP on PSA promoter strength despite its presence in an androgen response element important for PSA gene expression (29) . Our results were confirmed by one group (40) , but a recent report suggests that the rs266882 SNP may alter androgen receptor affinity (28) . Additional studies to interrogate the role of this SNP in PSA gene function may be warranted.
Previous studies have suggested a functional role for PSA in the etiology of prostate cancer based on analysis of biological targets of PSA proteolytic activity. Notably, these biological targets have included insulin-like growth factor binding protein-3 (15, 16) , latent transforming growth factor-h(19), parathyroid hormone-related protein (13) , and fibroblast growth factor (20, 21) , all of which may regulate the growth and differentiation of the prostate cell and/or its neighbors. Direct biological evidence for the relevance of these or other targets of PSA is lacking. Whether PSA promotes, inhibits, or plays no role in prostate cancer growth, differentiation, or aggressiveness is unresolved.
Our use of a SNP in the PSA gene that affects the transcriptional strength of the PSA promoter combined with a well-defined study population offered us a unique ability to link PSA gene expression with prostate cancer aggressiveness. Our data suggest that increased PSA expression at the cellular level is protective against aggressive disease. One other study has used the rs925013 SNP in a prostate cancer case-control design to assess the association of this SNP with the presence or absence of prostate cancer (30) . In that study, the G allele was associated with an increased risk of prostate cancer (OR, 1.4) but not with differences in serum PSA in controls or with disease recurrence. Differences between the present study and the study of Severi et al. could be due to differences in study design; the study of Severi et al. was powered to assess associations between cases and controls, whereas the present study assessed cases only and was designed to associate genotype with disease aggressiveness. The differences could also be due to differential functions of PSA in tumor development and tumor aggressiveness. The association of the G allele of the rs925013 SNP with prostate cancer cases in the study of Severi et al. could also be a result of screening bias. In our previous work and in the present study, we have found a significant association of the G allele of this SNP with higher serum PSA levels. A PSA screening test on men with G at rs925013 is more likely to present above the threshold of suspicion; therefore, these men are more likely to be selected for further screening methods such as needle biopsy, resulting in a higher likelihood of cancer being detected. Men in this situation may have cancer detected at an earlier stage because of more aggressive screening. Resolving the root of these differences will require further investigation in additional study populations that are powered to detect both cancer development and its aggressiveness and perhaps in a study population in which cancer was detected before the PSA screening era.
In conclusion, we found a significant association of PSA promoter genotype with prostate cancer Gleason grade and PSA at diagnosis. Future work should focus on evaluation of the PSA promoter in additional study populations that can simultaneously evaluate the role of PSA in the development of prostate cancer and tumor aggressiveness with appropriate statistical power.
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